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Ongoing  technological  advances  in  such  disparate  areas  as  consumer  electronics, 
transportation,  and  energy  generation  and  distribution  are  often  hindered  by  the  capabilities 
of  current  energy  storage/conversion  systems,  thereby  driving  the  search  for  high- 
performance  power  sources  that  are  also  economically  viable,  safe  to  operate,  and  have 
limited  environmental  impact.  Electrochemical  capacitors  (ECs)  are  a  class  of  energy-storage 
devices  that  fill  the  gap  between  the  high  specific  energy  of  batteries  and  the  high  specific 
power  of  conventional  electrostatic  capacitors.  The  most  widely  available  commercial 
EC,  based  on  a  symmetric  configuration  of  two  high-surface-area  carbon  electrodes  and 
a  nonaqueous  electrolyte,  delivers  specific  energies  of  up  to  ~6  Whkg“^  with  sub-second 
response  times.  Specific  energy  can  be  enhanced  by  moving  to  asymmetric  configurations 
and  selecting  electrode  materials  (e.g.,  transition  metal  oxides)  that  store  charge  via  rapid  and 
reversible  faradaic  reactions.  Asymmetric  EC  designs  also  circumvent  the  main  limitation  of 
aqueous  electrolytes  by  extending  their  operating  voltage  window  beyond  the  thermodynamic 
1 .2  V  limit  to  operating  voltages  approaching  ~2  V,  resulting  in  high-performance  ECs  that 
will  satisfy  the  challenging  power  and  energy  demands  of  emerging  technologies  and  in  a 
more  economically  and  environmentally  friendly  form  than  conventional  symmetric  ECs  and 
batteries. 


Electrochemical  capacitors  as  an  energy- 
storage  solution 

Electrochemical  capacitors  (ECs,  also  commonly  denoted  as 
“supercapacitors”  or  “ultracapacitors”)  represent  an  emerging 
class  of  energy- storage  devices  whose  particular  performance 
characteristics  fill  the  gap  on  the  energy  versus  power  spec¬ 
trum  between  the  high  specific  power  provided  by  conventional 
capacitors  and  the  high  specific  energy  provided  by  batteries 
(see  Figure  1).^^  Electrochemical  capacitors  are  distinguished 
from  their  solid-state  electrostatic  capacitor  counterparts  by 
storing  charge  at  electrochemical  interfaces,  where  the  effec¬ 
tive  capacitances  are  orders  of  magnitude  greater  than  those 
obtained  by  storing  charge  in  an  electric  field  imposed  across 
a  conventional  dielectric.  The  enhanced  specific  energy  of  ECs 
comes  with  some  tradeoff  in  specific  power  because  of  the 


fundamental  requirements  to  transport  ions  and  solvent  during 
charge-discharge  operation. 

In  terms  of  both  design  and  function,  batteries  and  ECs  are 
closely  related,  being  based  on  electrochemical  cells  comprising 
two  opposing  electrodes  separated  by  a  liquid  or  solid  electrolyte 
containing  mobile  ions.  Batteries  are  typically  designed  to  provide 
maximum  energy  by  storing  charge  in  bulk  electrodes  through 
faradaic  reactions,  while  ECs  rely  on  near-surface  charge-storage 
mechanisms  (e.g.,  double-layer  capacitance  or  redox  pseudoca¬ 
pacitance)  to  achieve  greater  specific  power  at  some  expense  of 
specific  energy.  While  present  ECs  are  limited  in  specific  energy 
(3-6  W  h  kg“^  versus  >100  W  h  kg“^  for  an  advanced  Li-ion 
battery),  they  provide  the  ability  to  store  and  release  that  energy 
over  timescales  of  a  few  seconds  and  exhibit  extended  cycle  life 
(hundreds  of  thousands  of  cycles)  that  no  battery  can  achieve. 
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ASYMMETRIC  ELECTROCHEMICAL  CAPACITORS— STRETCHING  THE  LIMITS  OF  AQUEOUS  ELECTROLYTES 
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Figure  1.  Specific  power  versus  specific  energy  plot  comparing 
common  electrical  energy-storage  devices. 


With  nonstop  advances  in  new  power-hungry  technologies, 
ECs  are  attraeting  attention  as  energy- storage  solutions.  The 
fast  symmetrie  eharge-diseharge  eharaeteristies  and  long  eycle 
life  of  ECs  are  partieularly  well  suited  to  eapture  and  reuse 
energy  from  repetitive  motion  (automotive  braking,  elevator 
operation,  lift/release  of  eargo  cranes)  that  would  otherwise  be 
wasted,  resulting  in  improved  energy  effieieney  and  redueed 
environmental  emissions.^  When  eombined  in  a  hybrid  power 
system  with  energy-dense,  but  power-limited  eomponents 
(eonventional  battery,  fuel  eell,  eombustion  engine),  ECs  ean 
enhanee  lifetime,  reduee  total  system  weight 
and  volume,  and  inerease  the  effieieney  by  bear¬ 
ing  the  burden  of  periodie  pulse-power  demands 
that  would  otherwise  eompromise  the  energy- 
dense  eomponent.^’^  Eleetroehemical  eapaeitors 
are  also  being  deployed  in  the  utilities  seetor 
for  baekup/bridge  power  and  load-leveling  to 
provide  higher  quality  power  (with  fewer  sags 
and  spikes)  and  reduee  eeonomie  losses  that 
result  from  power  disruptions. 


high-surfaee-area  earbon  eleetrodes  separated  by  a  nonaqueous 
eleetrolyte.  As  the  name  implies,  eharge  is  stored  in  the  eleetrie 
double-layer  that  arises  at  all  eleetrode/eleetrolyte  interfaees  (see 
Figure  2a),  resulting  in  effeetive  eapaeitanees  of  10^0  pF  em“^. 
The  speeifie  energy  of  the  EDLC  (E’ceii)  depends  on  both  the 
eell-level  speeifie  eapacitanee  (C,  a  series  eombination  of  the 
eapaeitanees  of  the  individual  eleetrodes)  and  operating  voltage 
(^ceii)  the  relationship,^ 

^cel.  =  (1) 

The  speeifie  eapaeitanee  is  maximized  by  choosing  high 
surface  area,  lightweight  eleetrode  materials,  sueh  as  aetivated 
carbon,  while  nonaqueous  eleetrolytes  are  often  ehosen  to  maxi¬ 
mize  the  operating  voltage,  whieh  is  primarily  determined  by 
the  stable  potential  window  of  the  eleetrolyte  (e.g.,  ~2.7  V  for 
EDLCs  with  aeetonitrile-based  eleetrolytes),  as  opposed  to 
aqueous-based  electrolytes  that  exhibit  a  more  limited  potential 
window.  EDLCs  are  now  widely  available  from  many  interna¬ 
tional  manufaeturers/suppliers^”^^  in  forms  ranging  from  small 
single-eell  2.7  V  eapaeitors  of  a  few  farads  to  integrated  mod¬ 
ules  of  EDLCs  that  operate  at  voltages  relevant  for  large-seale 
applieations  (e.g.,  125  V). 

While  EDLCs  are  steadily  gaining  aeeeptanee  in  the  eom- 
mereial  marketplaee  as  a  proven  energy- storage  solution, 
researeh  eontinues  at  the  fundamental  and  applied  levels,  par¬ 
tieularly  with  regard  to  developing  and  adapting  new  elee¬ 
trode  and  eleetrolyte  materials.  For  example,  many  forms  of 
nanostruetured  earbons,^^”^"^  including  aerogels,^^  nanotubes,^^ 
carbide-derived  carbons,^^  and  graphene,^^’^^  are  being  explored 
as  alternatives  to  aetivated  earbon,  with  the  goal  of  improving 


Electric  double-layer  capacitors 

The  simplest  and  most  eommereially  advanced 
EC  is  the  eleetrie  double-layer  eapacitor  (EDLC), 
invented  by  the  Standard  Oil  Company  of 
Ohio  in  1966,^  whose  basie  design  ineludes  a 
symmetrie  eell  eonfiguration*  eomprising  two 


*The  symmetric  EC  design  uses  two  electrodes  with  the  same 
active  materials  in  the  positive  and  negative  electrodes.  The 
asymmetric  EC  design  is  related  in  the  present  article  to  the 
use  of  two  electrodes  made  of  different  materials,  in  which  the 
charge-storage  mechanism  can  be  either  capacitive,  pseudoca- 
pacitive,  or  faradaic. 
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Figure  2.  Schematic  of  charge  storage  via  the  process  of  either  (a)  electrochemical 
double-layer  capacitance  or  (b)  pseudocapacitance. 
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specific  energy  while  maintaining  high  specific  power  in  the 
ultimate  EDLC.  Advanced  electrolytes  are  also  being  inves¬ 
tigated  to  extend  the  operating  voltages  of  EDLCs  with  cor¬ 
responding  improvements  in  specific  energy.^®  Despite  these 
advancements,  the  ultimate  specific  energies  of  EDLCs  are 
fundamentally  limited  by  their  reliance  on  double-layer  capac¬ 
itance  as  the  primary  charge- storage  mechanism,  because  in 
this  case,  the  device  capacity  Q  (C  g“^  or  C  is  directly  pro¬ 
portional  to  the  device  capacitance  C  (F  g“^  or  F  L“^)  according 
to  Q-CV,,,, 

Amplifying  charge-storage  in  ECs  via  redox- 
based  pseudocapacitance 

The  limitations  of  storing  charge  only  as  double-layer  capaci¬ 
tance  can  be  circumvented  by  selecting  active  materials  that 
undergo  rapid  and  reversible  electron-exchange  reactions  at 
or  near  the  electrode  surface  (see  Figure  2b).  Such  materials 
often  express  broad  and  symmetric  charge-discharge  profiles 
that  are  reminiscent  of  those  generated  by  double-layer  capaci¬ 
tance,  thus  the  term  “pseudocapacitance”  is  used  to  describe  their 
charge-storage  mechanism.^^"^^  Ruthenium  oxide  is  perhaps  the 
best-known  material  that  exhibits  pseudocapacitance,  but  many 
other  transition  metal  oxides,  metal  nitrides,^"^’^^  and  conduct¬ 
ing  polymers^^  demonstrate  similar  electrochemical  responses. 
Pseudocapacitance-based  charge  storage  is  most  effective  in 
aqueous  electrolytes,  and  the  corresponding  enhancements  in 
charge-storage  capacity  can  compensate  for  the  restricted  voltage 
window  of  water,  resulting  in  energy  densities  for  aqueous  ECs 
that  are  competitive  with  nonaqueous  EDLCs  with  the  additional 
advantage  of  using  a  nonflammable  electrolyte  (water-based). 

Ruthenium  oxides  as  the  "gold  standard" 
for  pseudocapacitance 

Various  forms  of  ruthenium  oxide,  ranging  from  nanocrystal¬ 
line  rutile  RUO2  to  disordered  hydrous  Ru02*xH20,  exhibit 
pseudocapacitance  when  electrochemically  cycled  in  acidic 
aqueous  electrolytes.  The  pseudocapacitive  behavior  of  RUO2  is 
generally  ascribed  to  a  series  of  fast,  reversible  electron-transfer 
reactions  that  are  coupled  with  adsorption  of  protons  at  or  near 
the  electrode  surface  (see  Figure  2b). ^ 

Ru'^O^  +  +  xe"  ^  (2) 

The  performance  of  ruthenium  oxides  for  pseudocapacitive 
charge-storage  ranges  from  tens  to  hundreds  of  farads  per  gram, 
determined  by  factors  such  as  the  degree  of  crystallinity,  par¬ 
ticle  size,  and  electrode  architecture.  For  example,  Zheng  et  al. 
investigated  sol-gel-derived  hydrous  RUO2  as  a  function  of  heat 
treatment  and  obtained  the  highest  specific  capacitance  (720  Fg“^) 
for  RUO2  forms  of  intermediate  crystallinity  and  degrees  of 
hydration  (e.g.,  RuO2*0.5H2O).^^  Subsequent  structuraP^’^^  and 
electrochemicaP^”^^  investigations  of  a  related  series  of  hydrous 
ruthenium  oxides  demonstrated  that  the  maximum  specific  capac¬ 
itance  is  achieved  when  solid-state  electron  and  proton  transport 
is  balanced,  facilitated  by  a  nanocomposite  RUO2  structure  com¬ 
prising  interpenetrating  networks  of  nanocrystalline  rutile  RUO2 


^  RUO2  nanoduster 


I  Hydrous  arain  boundary 


Heating  Temperature 
X  mol%H20  (Ru02*xH20) 


Figure  3.  Illustrations  of  the  variation  in  the  solid-state  structure 
of  RUO2  as  a  function  of  water  content  (a)  and  a  plot  showing 
the  interplay  of  electronic,  g  (e“),  and  protonic  conductivity, 

G  (H+),  with  specific  capacitance  for  the  same  RUO2  series  (b). 
Reprinted  with  permission  from  Reference  27.  ©2002,  American 
Chemical  Society. 


and  hydrous,  disordered  phases  (see  Figure  3).^^  A  related  exam¬ 
ple  of  the  interplay  of  electron  and  proton  conduction  is  found  in 
two-dimensional  RUO2  nanosheets  (see  Figure  4),  which  show 
the  clearest  evidence  for  faradaic  charge  storage  (in  the  form  of 
well-defined  redox  peaks)  while  approximating  the  performance 
of  hydrous  Ru02.^^“^^  The  charge-storage  properties  of  ruthenium 
oxides  can  be  further  enhanced  by  dispersing  them  on  high-surface- 
area  carbon  substrates,  where  Ru02-normalized  values  of  up 
to  1200  F  g“^  have  been  reported,^"^”^^  or  when  expressed  as 
nanometers-thick  coatings  on  porous  silica  filter  paper. 

In  addition  to  the  high  gravimetric  capacitance,  the  volumet¬ 
ric  capacitance  is  another  attractive  rationale  for  using  RUO2,  as 
its  density  is  much  higher  than  most  conventional  carbon-based 
materials.  Despite  these  performance  advantages,  the  high  cost 
of  Ru02-based  ECs  limits  their  application  to  small-scale,  high- 
value-added  devices  where  miniature-sized,  flexible,  or  trans¬ 
lucent  characteristics  are  desired.^^’^^ 

Manganese  oxide  as  a  low-cost  alternative 

The  high  costs  of  oxides  based  on  ruthenium  (a  platinum- 
group  metal)  have  prompted  the  search  for  less-expensive 
metal  oxides  that  also  display  pseudocapacitance,  with  man¬ 
ganese  oxides  (MnOx)  as  the  prime  example.  Lee  and  Good- 
enough  were  the  first  to  report  capacitance-like  behavior  for 
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Figure  5.  Charting  the  number  of  peer-reviewed  publications 
on  the  use  of  manganese  oxides  for  electrochemical 
capacitor  applications  as  a  function  of  the  year  published. 
(Results  collected  using  the  ISI  Web  of  Science  database  and 
“manganese”  and  “capacitor”  as  search  terms.) 
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Figure  6.  Scanning  electron  micrograph  of  a  birnessite-type 
Mn02-carbon  black  composite  electrode  and  corresponding  cyclic 
voltammogram  (where  E  refers  to  the  electrode  potential,  and  /  to 
the  measured  current)  in  0.5  M  Na2S04  at  2  mV  s“^  Schematic  of 
the  birnessite-type  Mn02  structure  with  MnOg  octahedra  layers  (red) 
separated  by  water  molecules  (blue)  and  K+  or  Na+  cations  (gold). 


manganese  oxide  when  eleetroehemically  cycled  in  mild  aque¬ 
ous  electrolytes^  (e.g.,  2  M  KCl),^^  and  their  initial  findings 
have  since  catalyzed  interest  in  manganese  oxides  as  active 
materials  for  electrochemical  capacitor  applications  (see 
Figure  The  extensive  body  of  literature  on  MnOx- 

based  materials  for  ECs  now  covers  many  synthetic  methods, 
MnOx  polymorphs  (amorphous  to  highly  crystalline;  see 
Figure  6),  and  electrode  structures  (thin  films,  powder  com¬ 
posites,  advanced  three-dimensional  architectures),  resulting  in 
a  wide  range  of  electrochemical  performance  metrics. 

The  continued  evolution  of  MnOx-based  electrode  materials 
for  EC  applications  requires  a  more  thorough  understanding  of 


t“Mild”  refers  to  a  near-neutral  (5  <  pH  <  9)  aqueous-based  solution. 


the  pseudocapacitance  mechanism  and  of  the  interplay  between 
electrode  structure  and  electrochemical  performance.  Spectro¬ 
scopic  techniques  such  as  x-ray  photoelectron  spectroscopy^^ 
and  x-ray  absorption  spectroscopy"^^  confirm  that  the  average 
Mn  oxidation  state  toggles  in  varying  degrees  between  +3  and 
+4,  compensated  by  the  reversible  insertion  of  cations  (e.g., 
Na^,  K^)  and/or  protons  from  the  contacting  mild  aqueous  elec¬ 
trolyte  (see  schematic  in  Figure 

Mn02  +  +  e“  MnOOX, 

where  X+  =  H%Lr,Na\  or  K". 

The  existence  of  over  20  polymorphs  of  manganese  oxide  further 
complicates  the  interpretation  of  the  pseudocapacitance  mecha¬ 
nism,  which  may  vary  as  a  function  of  crystal  stmcture  (or  lack 
thereof,  water  content,  and  the  presence  of  intercalated  cations. 
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Figure  7.  A  MnOx-coated  carbon  nanofoam  as  imaged  by  (a)  optical  microscopy, 

(b)  scanning  electron  microscopy,  and  (c)  transmission  electron  microscopy  at  low  and  high 
magnification  (inset).  Adapted  and  reprinted  with  permission  from  Reference  56.  ©2007, 
American  Chemical  Society. 


More  general  insight  can  be  gained  by 
comparing  thin-film  and  powder-composite 
MnOx  electrodes.  Thin-films  of  the  oxide 
(tens  to  hundreds  of  nanometers  thick) 
deposited  at  planar  electrodes^^  often  yield 
specific  capacitances  that  reach  >50%  of  the 
theoretical  value  (1233  F  g“^  for  a  full  one- 
electron  redox  reaction:  whereas 

powder  composites  typically  yield  10-20% 
of  the  theoretical  limit, suggesting  that 
only  a  thin  volume  of  the  MnOx  electrode 
participates  in  the  charge-storage  reaction 
under  electrochemical  capacitor  demands. 

Although  the  high  specific  capacitances  of 
nanometric  MnOx  films  (now  competitive 
with  RUO2)  are  alluring,  ECs  incorporat¬ 
ing  such  ultrathin  films  in  planar  2D  forms 
would  not  provide  technologically  relevant 
charge- storage  capacity  when  normalized  to 
the  device  footprint.  The  benefits  of  the  high  redox  utili¬ 
zation  and  facile  kinetics  observed  with  nanoscale  MnOx 
films  can  be  translated  into  3D  electrode  architectures  in 
which  MnOx  coatings  are  applied  to  ultraporous,  conductive 
substrates  (see  Figure  7).  Various  nanostructured  carbons, 
including  templated  mesoporous  carbon,^^  nanotubes, 
nanofoams,^^  and  graphene^^  have  been  used  as  base  struc¬ 
tures  for  MnOx-modified  electrode  architectures  that  show 
enhanced  performance  relative  to  conventional  powder- 
composite  carbon-MnOx  electrodes. 

In  terms  of  specific  capacitance,  MnOx-based  materials 
demonstrate  a  clear  advantage  compared  to  carbon-based  mate¬ 
rials  that  rely  on  double-layer  capacitance.  However,  the  operat¬ 
ing  voltage  window  of  MnOx  in  the  mild  aqueous  electrolytes 
described  previously  is  limited  by  the  oxygen  evolution  reaction 
on  the  positive  end  and  by  the  irreversible  reduction  of  Mn^^ 
to  Mn^^  and  subsequent  disproportionation  to  soluble  Mn^^  on 
the  negative  side.^^’^^  These  two  processes  restrict  the  operating 
cell  voltage  of  a  symmetric  MnOx//MnOx  EC  to  <0.9V  (see 
Figure  8a),^^’^^  negating  some  of  the  positive  effects  of  the 
MnOx  pseudocapacitance  enhancements,  and  resulting  in  cell- 
level  energy  densities  that  are  not  competitive  with  state-of-the- 
art  EDLCs. 

Asymmetric'*'  electrochemical  capacitors  with 
aqueous  electrolytes:  The  best  of  both  worlds 

The  development  of  electrode  materials  that  exhibit  faradaic 
pseudocapacitance  with  high-rate  charge-discharge  charac¬ 
teristics  now  enables  a  new  class  of  ECs  in  which  two  distinct 


The  asymmetric  EC  design  and  its  name  was  first  described  in  U.S.  Patent  6,222,723, 
where  the  device  has  different  electrode  materials  and  the  capacitance  ratio  of  the 
two  electrodes  is  >3,  preferably  >1 0.  Although  the  carbon//Mn02  EC  does  not  exactly 
match  this  definition  (different  electrode  materials  but  similar  capacitance  for  both 
electrodes),  it  is  also  denoted  as  “asymmetric”  because  of  similarities  in  design. 


electrodes  are  paired  in  an  asymmetric  configuration:  (1)  a 
“pseudocapacitive”  (e.g.,  Mn02,  see  Figure  8b)  or  “battery- 
type”  (e.g.,  Pb02,  see  Figure  8c)  positive  electrode  that  relies 
on  faradaic  mechanisms  for  charge  storage  versus  (2)  a  high- 
surface-area  carbon  negative  electrode  (see  Figure  8b  and 
8c),  where  charge  is  stored  primarily  as  double-layer  capaci¬ 
tance. The  asymmetric  design  blends  the  best  performance 
characteristics  of  ECs  and  batteries,  increasing  the  capacity  of 
the  device  via  the  faradaic  charge- storage  mechanisms  of  the 
positive  electrode,  while  maintaining  fast  charge-discharge 
response  due  to  the  double-layer  capacitance  mechanism  at 
the  negative  electrode.  Further,  when  used  in  an  asymmetric 
configuration,  the  high  overpotentials  for  H2  and  O2  evolution 
at  the  carbon-based  negative  electrode  and  pseudocapacitive 
or  battery-like  positive  electrode,  respectively,  extend  the 
effective  voltage  window  of  aqueous  electrolytes  beyond 
the  thermodynamic  limit  (-1.2  V),  resulting  in  significantly 
higher  specific  energy  than  for  symmetric  ECs  with  aque¬ 
ous  electrolytes  (see  Figure  8b  and  8c).  The  use  of  aqueous 
electrolytes  supports  high-power  operation  because  of  their 
high  ionic  conductivity  and  high  concentrations  of  ions, 
while  providing  cost  and  safety  advantages  of  a  water-based 
electrolyte  compared  to  energy-storage  technologies  that 
incorporate  nonaqueous  electrolytes  (e.g.,  EDLCs  and  Li-ion 
batteries).  The  use  of  an  aqueous  electrolyte  with  simple 
salts  (ACl,  A2SO4,  ANO3,  A=Li,  Na,  K)  minimizes  the  need 
for  extensive  purification  and  handling  under  a  controlled 
atmosphere  (no  need  for  a  dry  room  or  glove  box),  simplifying 
the  fabrication  and  packaging  process.  The  use  of  a  faradaic 
material  with  a  fixed  thermodynamic  potential  may  lessen 
self-discharge  in  asymmetric  ECs,  while  the  large  capacity 
of  the  faradaic  material  also  ensures  that  the  full  double-layer 
capacitance  of  the  negative  electrode  is  utilized  during  cell 
operation. 

Early  examples  of  this  “asymmetric  aqueous  EC”  design 
were  based  on  an  activated  carbon  negative  electrode  paired 
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Figure  8.  Schematic  representation  of  cyclic  voltammograms 
for  three  different  configurations  of  aqueous-based 
electrochemical  capacitors  (ECs)  in  which  areas  shaded  in  red 
and  blue  represent  the  potential  window  of  the  positive  and 
negative  electrode,  respectively  for:  (a)  symmetric  MnOgZ/MnOg 
EC  with  a-MnOg  electrodes  in  0.5  M  K2SO4;  (b)  asymmetric 
activated  carbon//Mn02  EC  in  0.5  M  K2SO4;  and  (c)  asymmetric 
activated  carbon//Pb02  EC  in  1  M  H2SO4.  NHE,  normal 
hydrogen  electrode;  I,  measured  current;  and  E,  electrode 
potential. 


with  either  a  Pb02  or  an  NiOOH  faradaic  positive  electrode  in 
an  acidic  or  alkaline  electrolyte,  respectively. 

PbO^  +  4H^  +  SO4""  +  2e"  ^  PbS04  +  2H2O  (4) 
NiOOH  +  H^O  +  le“  ^  NiCOH)^  +  OH“  (5) 

Commercialized  variants  of  both  the  carbon/ZNiOOH^^  and 
carbonZZPb02^^  asymmetric  EC  designs  are  already  deployed 
for  niche  applications  that  require  particular  combinations  of 
specific  energy  and  power.  Typical  specific  energies  for  these 
packaged  devices  range  from  ~8-10  W  h  kg“^  for  carbonZZ 
NiOOH  to  25  W  h  kg“^  for  carbonZZPb02,  compared  to  the 


3-6  W  h  kg“^  of  symmetric  EDLCs.  The  Pb02  -  and  NiOOH- 
based  asymmetric  ECs  are  fabricated  with  internal  electrode 
architectures  that  are  more  characteristic  of  conventional  bat¬ 
teries,  resulting  in  bulkier  individual  electrodes  than  those  used 
in  EDLCs,  which  degrades  charge-discharge  times  to  the  order 
of  a  few  minutes  rather  than  the  few-second  response  charac¬ 
teristic  of  EDLCs. 

The  cost  and  toxicity  of  lead  and  nickel  oxides  and  their 
associated  extreme-pH  electrolytes  (highly  acidic  and  basic, 
respectively)  make  carbonZZMnOx  asymmetric  ECs  with  mild 
pH  electrolytes  an  attractive  alternative  in  terms  of  safety 
and  manufacturability.  Manganese  oxide -based  ECs  are  still 
a  relatively  immature  technology,  but  lab- scale  prototypes 
demonstrate  promising  specific  energies  ranging  from  10-28 
W  h  kg“f^^”^^  Further  advances  in  performance  at  the  materials 
level  should  continue  to  drive  the  development  and  commer¬ 
cialization  of  carbonZZMnOx  asymmetric  ECs  as  an  attractive 
energy- storage  technology  for  applications  where  a  combina¬ 
tion  of  both  moderate  specific  energy  and  fast  response  times 
are  required  (e.g.,  for  energy  capture  in  regenerative-braking 
processes).  For  example,  a  Mn02  electrode  combined  with  a 
negative  activated  carbon  electrode  leads  to  an  extended  cell 
voltage  (2  V  versus  0.9  V  for  the  symmetric  design,  see  Figure 
8a  and  8b)^^  and  a  fivefold  increase  in  maximum  specific  energy. 

The  negative  electrode:  Activated  carbon 
and  beyond 

The  specific  energies  of  aqueous  asymmetric  ECs  are  further 
enhanced  by  adventitious  pseudocapacitance  mechanisms 
at  the  surfaces  of  carbon-based  negative  electrodes  when 
scanned  to  progressively  more  negative  potentials  in  aqueous 
electrolytes. This  anomalous  pseudocapacitance  behavior 
is  typically  ascribed  to  an  “electrochemical  hydrogen  storage” 
process  in  which  H2O  from  the  electrolyte  is  initially  reduced 
at  the  electrode,  followed  by  adsorption  of  atomic  hydrogen 
at  the  carbon  surface  (see  Equations  6  and 

H2O  +  e  — >  H  +  OH  (6) 

C  +  H^CH^,  (7) 

Adsorbed  hydrogen  atoms  (H^^j)  are  released  from  the  carbon 
surface  and  recombine  with  OH“  as  the  electrode  is  discharged, 
although  typically  with  considerable  hysteresis  between  the 
charge  and  discharge  potentials.  The  pseudocapacitance 
enhancements  at  carbon  negative  electrodes  depend  on  a  num¬ 
ber  of  factors,  including  pore  structure,  surface  functionality,^^ 
and  the  inclusion  of  metals  such  as  Ni  that  catalyze  the  hydro¬ 
gen  adsorptionZdesorption  mechanism. Pseudocapacitive 
functionalities  can  also  be  deliberately  introduced  on  carbon 
surfaces  to  improve  charge-storage  capacity  (see  Figure  9), 
as  was  recently  shown  for  anthraquinone-modified  carbon.^^’^^ 

High-surface-area  carbons  provide  attractive  specific 
capacitances  (150-250  F  g“^)  when  used  in  either  strongly 
acidic  or  alkaline  aqueous  electrolytes,  but  their  perfor¬ 
mance  is  more  limited  in  moderate-pH  electrolytes,  where 
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E  Versus  Ag/AgCI  (V) 

Figure  9.  Cyclic  voltammograms  in  0.1  M  H2SO4  at  a  scan  rate 
of  1 0  mVs“^  for  unmodified  activated  carbon  electrode  (— ) 
and  activated  carbon  chemically  modified  with  1 1  wt%  ( — 
anthraquinone  covalently  grafted  to  carbon  via  a  diazonium- 
based  precursor.  Adapted  and  reprinted  with  permission  from 
Reference  77. 1,  measured  current;  E,  electrode  potential. 


specific  capacitances  of  100-120  F  g“^  are  typical. The  grow¬ 
ing  interest  in  MnOx-based  ECs,  which  use  such  mild  aqueous 
electrolytes,  has  also  spurred  interest  in  alternative  negative 
electrode  materials  that  exhibit  pseudocapacitance  in  a  comple¬ 
mentary  potential  window  to  that  for  MnOx.  Iron  oxides  were 
among  the  first  such  materials  investigated, while  other 
metal  oxides  such  as  Sn02^^  and  Ti02,^^’^^  metal  phosphates 
(Li(Ti2(P04)3),^^  and  conducting  polymers  (e.g.,  polyaniline, 
polypyrrole)^^  are  also  potential  contenders  as  negative  elec¬ 
trodes  for  MnOx-based  ECs. 


stable  potential  window,  and  cycling  stability  of  new  active 
materials,  such  measurements  should  not  be  used  to  calculate 
specific  energy  or  specific  power,  which  requires  the  fabrication 
and  testing  of  a  two-electrode  device. 

Although  the  construction  of  an  EC  is  seemingly  simple  (two 
electrodes,  a  separator,  and  electrolyte),  several  subtle  design 
parameters  must  be  considered  in  order  to  optimize  the  electro¬ 
chemical  performance  (e.g.,  electrode  composition  and  thick¬ 
ness,  active  material  loading,  pressure  applied  to  the  stack).  The 
most  difficult  challenge  is  to  balance  the  accessible  charge- 
storage  capacities  of  the  opposing  electrodes  that  comprise  the 
EC.  In  the  case  of  symmetric  ECs,  where  each  electrode  has 
the  same  nominal  specific  capacitance,  achieving  cell  balance 
may  still  be  difficult  if  the  rest  potential  of  the  electrodes 
is  not  centered  within  the  potential  window  of  the  electrolyte 
(see  Figure  8a).  Moving  from  the  symmetric  to  asymmetric  EC 
design  provides  new  opportunities  for  increasing  cell  voltage 
and  corresponding  energy  density  (see  Figure  8b  and  8c),  but 
further  complicates  cell-balance  requirements. 

When  designing  an  asymmetric  EC  that  uses  capacitive 
and/or  pseudocapacitive  electrodes  such  as  a  carbon//Mn02 
device,  one  should  first  characterize  the  individual  positive  and 
negative  electrodes  to  determine  their  respective  capacities  and 
stable  potential  windows. With  this  information,  the  masses 
of  the  two  electrodes  can  be  adjusted  to  achieve  optimal  cell 
balance  in  the  ultimate  EC,  thereby  not  only  promoting  maxi¬ 
mum  cell-level  capacitance  and  voltage,  but  also  ensuring  that 
the  individual  electrodes  remain  in  their  respective  potential 
windows  for  stable  operation  and  improved  cycle  life. 

Electrochemical  capacitors  with  a  “battery-type”  posi¬ 
tive  electrode  (e.g.,  Pb02  or  NiOOH)  can  achieve  even 
higher  capacitance  values  with  respect  to  their  pseudocapaci¬ 
tive  counterparts  (MnOx).  In  reality,  such  asymmetric  ECs 
using  a  purely  faradaic  electrode  require  an  excess  of  the 


Design  and  evaluation  of 
asymmetric  ECs  at  the  electrode 
and  device  level 

The  electrochemical  data  reported  in  the  litera¬ 
ture  for  aqueous  asymmetric  ECs  vary  widely 
(see  Figure  10).  Nominally  similar  materials 
or  device  configurations  may  exhibit  signifi¬ 
cantly  different  values  of  capacitance  that  arise 
because  of  variations  in  electrode  fabrication, 
active  material  loading,  or  electrochemical  test¬ 
ing  procedures. Confusion  may  also 
arise  when  the  results  of  single-electrode  mea¬ 
surements  in  a  three-electrode  configuration  are 
inappropriately  extrapolated  to  predict  device¬ 
level  performance  metrics  (e.g.,  in  a  symmetric 
device,  the  device-level  specific  capacitance  is, 
at  best,  only  25%  of  the  single-electrode  capac¬ 
itance).^  While  single-electrode  measurements 
are  valuable  for  determining  the  capacitance. 
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Figure  10.  Ragone  plots  for  (a)  MnOg-based  aqueous  electrochemical  capacitors  (ECs) 
and  (b)  alternative  (i.e.,  non-MnOg)  aqueous-based  ECs.  AC,  activated  carbon;  CAQ, 
anthraquinone  on  carbon;  CDBH,  dihydroxybenzene  on  carbon;  PRY,  polypyrrole;  PEDOT, 
Poly-(3,4-ethylenedioxythiophene).  Data  are  extracted  from  literature  references.  Specific 
energy  is  calculated  from  Equation  1  and  specific  power  from  P^eai  =  Ecei/tdis  (tdis  being 

the  operational  discharge  time). 
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battery-type  eleetrode  in  order  to  ensure  long-term  eyeling  sta¬ 
bility,  partially  offsetting  antieipated  gains  in  speeifie  energy. 
The  seleeted  asymmetry  ratio  is  ehosen  to  meet  eyele  life 
requirements  of  the  applieation  (e.g.,  a  3: 1  ratio  will  mean  the 
“battery”  eleetrode  will  have  greater  depths  of  diseharge  than 
a  10:1  ratio).  When  projeeting  speeifie  energies  of  new  ECs 
for  real-world  applieations,  one  must  ultimately  aeeount  for 
sueh  faetors  as  the  mass  and  volume  of  eurrent  eolleetors, 
eleetrolytes,  separators,  and  paekaging,^  whieh  ean  reduee  the 
effeetive  speeifie  energy  by  a  faetor  of  4-5  versus  normal¬ 
izing  only  to  the  aetive  eleetrode  mass  or  volume,  a  praetiee 
eommonly  observed  in  the  literature,  as  noted  by  Burke  and 
Miller^^  and  Zheng. 

Confusion  and  uneertainty  are  rife  in  the  literature  eoneem- 
ing  the  useable  power  eapability  of  asymmetrie  ECs.  The 
two  approaehes  most  often  applied  to  determine  the  power 
eapability  of  deviees  are  (1)  matehed  impedanee  power  and 
(2)  real  speeifie  power  obtained  by  dividing  speeifie  energy 
by  operational  diseharge  (eharge)  time.  Other  methods  have 
been  used  for  eommereial  deviees  sueh  as  (1)  the  min/max 
method  of  the  U.S.  Advaneed  Battery  Consortium^"^  and  (2) 
the  pulse  energy  efheieney  approaeh  used  at  the  University  of 
California,  Davis. In  the  ease  of  an  in-lab  eell,  the  determina¬ 
tion  of  speeifie  power  may  be  influeneed  by  the  partieulars  of 
eell  assembly,  the  pressure  applied  to  the  staek,  the  amount  of 
eleetrolyte,  and  the  type  of  separator  so  that  the  evaluation  of 
speeifie  power  (determined  using  the  equivalent  series  resis- 
tanee,  R),  although  normalized,^ is  often  neither  represen¬ 
tative  of  a  future  “eommereial”  deviee  nor  eomparable  with 
other  literature  values. 

Literature  reports  of  speeifie  power  are  also  more  widely 
seattered  than  those  for  speeifie  energy,  primarily  due  to  dif- 
ferenees  in  the  loading  and  thiekness  of  the  aetive  eleetrode 
material.  For  standard  eleetrodes  in  a  eommereial  EC,  the  aver¬ 
age  thiekness  is  200  pm,  and  the  mean  porosity  reaehes  70% 
volume,  whieh  would  eorrespond  to  an  average  loading  of  12 
mg  em“^  of  aetivated  earbon  and  24  mg  em“^  of  Mn02  in  an 
asymmetrie  earbon//MnOx  EC.  While  the  reported  speeifie 
power  of  many  thin-film  (nanometers  to  tens  of  mierometers) 
eleetrodes  and  deviees  are  impressive,  those  high-power  ehar- 
aeteristies  may  not  translate  when  sueh  materials  are  used  at 
more  teehnologieally  relevant  eleetrode  loadings. 

The  most  pertinent  parameter  for  eomparing  asymmetrie  ECs 
is  the  typieal  resistor-eapaeitor  (RC)  time  eonstant  (tq  =  RC; 
~l-5  s  for  standard  symmetrie  EDLC).  This  time  eonstant 
eorresponds  to  the  transition  between  resistive  behavior  at  fre- 
queneies  higher  than  l/xg  and  eapaeitive  behavior  for  frequen- 
eies  lower  than  I/tq.^^  In  the  ease  of  symmetrie  or  asymmetrie 
ECs,  the  time  eonstant  deseribes  both  the  diseharge  and  eharge 
of  the  deviee,  a  distinetive  eharaeteristie  of  ECs  that  eontrasts 


^Packaging  can  be  a  polymer  or  metal  casing  with  different  shapes  (cylindrical, 
prismatic).  Material  and  design  are  chosen  according  to  the  solvent  used  for  the 
electrolyte  and  the  expected  volume/weight  of  the  final  cell. 


with  high-power  batteries,  where  diseharge  is  fast,  but  reeharg- 
ing  requires  more  time  at  lower  rates,  typieally  one  hour  or 
more. 

Figure  10  summarizes  speeifie  power  and  energy  for  a  series 
of  aqueous-eleetrolyte  As  shown  in  Figure 

10a,  the  speeifie  energy  values  of  MnOx-based  deviees  follow 
the  expeeted  trend,  with  symmetrie  MnOx//MnOx  ECs  showing 
lower  speeifie  energy  than  2  V-rated  asymmetrie  earbon//MnOx 
ECs.  Further  enhaneements  in  speeifie  energy  are  realized  if  the 
mild  aqueous  eleetrolyte  (e.g.,  0.6  M  K2SO4)  is  replaeed  with  an 
alkaline  eleetrolyte  (e.g.,  1  M  LiOH).^^  The  performanee  of  the 
negative  eleetrode  is  another  key  faetor  in  determining  energy/ 
power  eharaeteristie s.  Although  graphene  is  a  popular  topie 
of  researeh  and  has  demonstrated  outstanding  performanee 
in  symmetrie  EDLC  deviees, it  has  yet  to  show  signifieant 
advantages  as  a  negative  eleetrode  for  asymmetrie  ECs  rel¬ 
ative  to  eonventional  aetivated  earbon  or  as  a  eonduetive 
additive  in  MnOx-based  positive  eleetrodes. Metal  oxide- 
based  negative  eleetrodes  (e.g.,  iron  oxides)  may  provide 
advantages  over  earbon  in  terms  of  volumetrie  eapaeitanee 
and  energy  density,  but  with  potential  tradeoffs  in  gravimetrie 
energy  density. 

Alternative  asymmetrie  designs  have  also  been  proposed  and 
are  presented  in  Figure  10b.  Symmetrie  earbon/Zearbon  deviees 
in  H2S04^^^  and  eondueting  polymer-based  ECs^^^  both  exhibit 
low  speeifie  energy  relative  to  asymmetrie  designs  that  are 
based  on  a  metal  oxide  positive  eleetrode  and  earbon  negative 
eleetrode.  Carbon//Pb02^^^  and  earbon/ZNiOOH^^^  ECs  reported 
in  the  literature  are  also  less  promising  than  expeeted  from  the 
projeeted  performanee"^^  beeause  their  speeifie  energies  are  in 
the  same  range  as  for  asymmetrie  earbon//MnOx  ECs.  Another 
way  to  enhanee  speeifie  energy  of  asymmetrie  deviees  eonsists 
of  modifying  the  aetivated  earbon  surfaee  funetionalities  either 
by  thermal  treatment^^  or  by  ehemieal  grafting  of  eleetroaetive 
moleeules  that  boost  the  eapaeitanee  of  the  earbon  by  the  addi¬ 
tion  of  a  faradaie  eomponent.^^ 

Future  outlook  for  asymmetric  aqueous  ECs  as 
an  energy-storage  technology 

Aqueous  asymmetrie  ECs  offer  many  attraetive  features,  inelud¬ 
ing:  (1)  simplified  fabrieation  and  paekaging  proeedures  that 
do  not  require  rigorous  environmental  eontrols;  (2)  a  higher 
degree  of  safety  than  organie-based  ECs  with  respeet  to  thermal 
stability  and  runaway**fy^  (3)  the  use  of  less  toxie  and  lower- 
eost  eleetrolytes;  and  (4)  speeifie  energy  that  meets  or  exeeeds 
those  of  nonaqueous  EDLCs.  The  advaneement  of  aqueous 
asymmetrie  ECs  will  require  further  improvements  in  speeifie 
power,  whieh  is  fundamentally  limited  by  the  eharge-transfer 
kineties  assoeiated  with  pseudoeapaeitanee  (e.g.,  MnOx)  or 
battery-like  (e.g.,  Pb02  andNiOOH)  meehanisms.  Continuing 


**Thermal  runaway  describes  the  situation  where  overheating  a  cell  results  in  a  further 
increase  in  temperature.  This  uncontrolled  increase  in  temperature  can  have  dramatic 
consequences,  such  as  melting  or  vaporization  of  cell  components  and  cell  rupture. 
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developments  in  eleetrode  arehiteetures  and  nanoseale  materials 
should  minimize  this  limitation. 

The  use  of  water-based  eleetrolytes  also  introduees 
praetical  ehallenges  with  respeet  to  current  collectors,  tem¬ 
perature-dependent  performance,  and  long-term  cycling 
stability.  Current  collectors  compatible  with  aqueous  elec¬ 
trolytes  (stainless  steel,  nickel,  lead)  tend  to  be  heavier  and 
more  expensive  than  the  thin  (25  pm)  aluminum  foil  current 
collectors  used  in  nonaqueous  EDLCs.  The  corrosion  of 
these  current  collectors  must  also  be  minimized  to  ensure 
long-term  cycling  performance.  The  extended  voltage  win¬ 
dow  made  available  by  the  asymmetric  EC  design  must  also 
be  carefully  managed  to  avoid  extraneous  gas  evolution  at 
higher  cell  voltages,  a  problem  that  may  be  mitigated  by  the 
presence  of  carbon  as  a  catalyst  for  water  recombination  or 
by  the  addition  of  alternative  catalysts  to  the  system.  The 
low-temperature  performance,  typically  below  0°C  down 
to  -30°C,  of  aqueous-based  ECs  using  an  MnOx  positive 
electrode  and  operated  in  mild  aqueous  electrolytes  (K2SO4, 
KCl)  can  be  a  limitation  compared  to  nonaqueous  EDLCs, 
but  the  use  of  highly  concentrated  electrolytes  (5  M  LiN03, 
carbon//MnOx  ECs)  partially  mitigates  this  issue. The 
long-term  cycling  stability  of  EDLCs  (hundreds  of  thousands 
of  cycles)  is  difficult  to  match  due  to  the  more  complex  pseu¬ 
docapacitance  mechanisms  relative  to  the  physical  nature  of 
double-layer  capacitance.  Much  work  remains  to  be  done 
in  order  to  demonstrate  extended  cycle  life  for  asymmet¬ 
ric  aqueous  ECs,  although  200,000  cycles  were  recently 
reported  for  an  optimized  carbon//MnOx  EC.^^^ 

The  commercial  viability  and  technological  relevance  of 
electrochemical  capacitors  is  presently  being  demonstrated 
with  carbon/Zcarbon  EDLCs  in  an  ever- expanding  range  of 
applications.  Aqueous  asymmetric  ECs  are  a  logical  choice  as 
the  next-generation  EC  technology  due  to  their  potential  for 
enhanced  specific  energy,  reduced  costs,  and  safer  cell  chem¬ 
istries  compared  to  present  EDLCs.  The  continuing  maturation 
of  such  new  EC  designs  will  require  ongoing  research  efforts, 
with  a  particular  emphasis  on  the  development  of  new  high- 
performance  electrode  materials  and  architectures  and  a  more 
detailed  understanding  of  underlying  electrochemical  pro¬ 
cesses  that  support  high  charge- storage  capacity  and  long-term 
cycling  stability.  Such  advances  will  enable  aqueous  asym¬ 
metric  ECs  to  further  bridge  the  energy/power  performance 
gap  between  conventional  batteries  and  EDLCs  in  a  form 
that  offers  significant  advantages  in  terms  of  cost  and  safety. 
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